Hydrolyzed polyacrylamide polymer (HPAM) is the most used polymer in enhanced oil recovery operations in the oil industry. This is mainly attributed to its cost and availability. An important aspect during polymer injection in the formation for mobility control is the ability to inject the polymer easily and safely in the reservoir without having to deal with extremely high pressure gradients and without risking formation fracture. This research develops two mathematical models that can help obtain values for polymer injectivity as a function of HPAM concentration, injection flowrate, and the porous media pore size. The mathematical models were developed based on experiments conducted previously using different polymer concentrations, pore sizes, and polymer injection flowrates. After the models were developed, different data were used to validate the model and examine its accuracy in determining polymer injectivity. The models were also used to predict polymer injectivity for different conditions and illustrate the pore sizes at which the polymer was not able to propagate in the formation. Since the models have several limitations, these were mentioned in the manuscript in order to reduce any error obtained while using the models.
Introduction
Polymer flooding is an EOR method used mainly for mobility control. It can be coupled with multiple EOR methods for several improvements Imqam 2018, 2020a, b) . Some of these methods can include other chemical methods or solvent injection Fakher 2019a, b) . The polymer solution will have a high viscosity and thus will overcome several displacement and mobility problems associated with water flooding, mainly viscous fingering (Zhou et al. 2019; Seright et al. 2018; Seright 2017) . Different types of polymers have been developed and used to improve oil recovery and mobility control; however, HPAM polymer still remains the most widely used polymer for chemical EOR applications mainly due to its cost, availability, and ease of handling (Seright 2017; Koh et al. 2018; Fletcher et al. 1992; Buell et al. 1990; Gerlach et al. 2019) .
Polymers are usually injected as a weight percent mixed with water (Erincik et al. 2018; Delamaide et al. 2014) . As the concentration of the polymer increases in the solution, the cost of the polymer injection project increases, but also the polymer solution viscosity will increase (Smith 1970; Skauge et al. 2016; Bryant et al. 1998; Juri et al. 2015) . This may be advantageous for mobility control; however, one of the overlooked parameters that will also be impacted is polymer injectivity (Baijal 1975; Glasbergen et al. 2015; Southwick and Manke 1988) . Polymer injectivity can be defined as the ease by which the polymer can be injected into the formation (Shuler et al. 1987 ). If the polymer solution is too viscous, it may be extremely difficult, or sometimes impossible, to inject it into the formation (Seright et al. 2018) . Injectivity is therefore an extremely important factor to consider when designing any polymer flooding project since it has a direct impact on cost of the overall project and can impact safety as well if the formation is fractured during injection (Sharma et al. 2016; De Simoni et al. 2018) .
Many factors will affect polymer injectivity, including polymer concentration, polymer injection flowrate, and porous media pore size (Weiss and Baldwin 1985; Manichand et al. 2013; Li and Delshad 2014; Lotfollahi et al. 2016) . Increasing the flowrate by which the polymer is injected, for the same pore size, will increase injectivity, but will also increase the pressure requirement and thus the pump power on the surface facility. The pore size of the formation will permit the flow of the polymer through it as long as the injection pressure is high enough, although if the polymer molecule is too large, the polymer may plug the pore. High-permeability media are used to refer to several porous media types depending on the application. For conventional reservoirs, it usually refers to permeability above 100 mD. This can include porous media, unconsolidated sand, natural fractures, and continuous fractures. Low permeability will refer to permeability less than 20-10 mD based on the application. This, however, is sometimes impractical or impossible especially if the pore size is too small or the polymer solution is too viscous. Seright et al. (2009) researched three properties of polymers that may impact their injectivity, including polymer rheology in porous media, where they found that pseudo-plastic behavior for HPAM may occur if the pore structure is too small for the polymer to propagate through easily.
Several models have been developed to model polymers in the porous media. Delamaide (2019) showed that analytical methods can be used to accurately model polymer injectivity in many cases. Although the case studies presented in their study show a high-accuracy solution, the analytical solution applicability is questionable due to its high dependency on reservoir simulation tools which includes many assumptions. Schmidt et al. (2019) developed a model for predicting polymer injectivity gradient as a function of resistance factor. Injectivity is best defined as a function of the polymer and porous media properties, however, since they are the main factors that are included in the overall design. Li and Delshad (2014) developed an analytical model to calculate polymer injectivity while including the effect of several parameters including polymer rheology and grid size. The main limitation of the model is that it is purely analytical and is mainly developed for reservoir simulation reasons. The advantage of the model is that it removes the need to consider grid size which increases the applicability. Behr and Rafiee (2017) focused on situations where skin damage is profound in order to develop a model that can predict injectivity of polymers in this very specific case using a coarse Cartesian grid. The model has a good applicability; however, its extreme focus on cases involving skin damage limits its use. Sorbie and Roberts (1984) provided one of the earliest models for polymer injectivity which accounts for mechanical degradation. The model represents the polymer using pseudo-components which is not widely applicable and not useable in many cases. Fakher and Bai (2018) developed two mathematical models for cross-linked HPAM gel using data from multiple studies. The models could predict oil residual resistance factor as a function of polymer concentration and water residual resistance factor. The models could not predict injectivity directly, however. Fakher et al. (2017) also generated mathematical models for particle gels which could not directly predict injectivity. Hwang et al. (2019) presented an analytical model to obtain polymer injectivity for various well configurations. The model was purely analytical, however, and has multiple assumptions including an assumption for the Darcy velocity at the fracture face which is a critical component of the model. All of the previously mentioned models have several assumptions, and also, many of them are purely analytical and focus on reservoir applications with very little focus on laboratory studies and mathematical derivation.
Injectivity is measured as a function of the injection flowrate and the pressure required to inject the polymer. Since it may be difficult to obtain the exact pressure value in the field, a simple method of quantifying injectivity is needed. Reservoir simulation can be used as a means to predict the pressure requirement; however, it is not always applied and requires many inputs and in some cases long run times. Also, most of the models currently present to model polymer injectivity were developed based on core flooding rather than open conduits such as fractures. This research develops two mathematical models to predict polymer injectivity in open conduits during laboratory studies as a function of polymer concentration, polymer injection flowrate, and the porous media average pore size, all of which are parameters that are usually known during a polymer injection project. The models were developed based on experiments conducted in a previous research and were validated using data not used in the development of the models. The models were also used to predict injectivity and polymer injection pressure for different polymer injection conditions.
Experimental setup
The setup used to conduct the experiments to obtain the data used for the development of the mathematical models is shown in Fig. 1 . The setup is composed of a pump used to displace all the fluids. The accumulator is filled with the polymer and then used to displace the polymer into the porous media. Tubes with different inner diameters were used to model the porous media with different pore sizes. Two pressure transducers located at the inlet and the middle of the tube were used to record the polymer injection pressure using different polymer concentrations and different polymer injection flowrates. Initially, a transducer was put at the outlet of the tube; however, the pressure reading was almost equal to zero in all cases since there was no backpressure added to the experiment. Based on this, the transducer was only put in the inlet and middle, while the outlet pressure was assumed to be 0 psig. Using the results obtained from these experiments, the mathematical models were developed. The exact procedure followed to conduct all experiments is as follows.
• Prepare the polymer solution by placing the polymer powder in the distilled water and stirring the mixture for at least 12 h using a magnetic stirrer. The solution should be covered during stirring to avoid any contaminants from entering the solution during the mixing process. • Place the polymer in the accumulator and ensure that there are no air pockets between the polymers which may impact the experiments. Also, the accumulator must be fully occupied by the polymer. • Connect the tube to the accumulator and attach the pressure transducers after they have been calibrated. • Begin the polymer injection using the lowest flowrate.
Each flowrate is stopped when the pressure becomes stable for at least two pore volumes of injection. • Once the experiment is concluded, the accumulator and tube are cleaned and prepared for the following experiments.
Mathematical model development
The mathematical models were developed based on the experimental results obtained. Initially, a model was developed to model polymer injectivity as a function of polymer concentration and polymer injection flowrate. The models are applicable when the pore size of the porous media is relatively large to the extent that it does not create a pressure restriction; this will be mainly in extremely highpermeability features such as unconsolidated formations or continuous fractures. To increase the applicability of the model, the average pore size of the porous media was incorporated in the second model. Table 1 presents the two models and the parameters included in them along with the appropriate units for the inputs. The exact procedure followed to construct the mathematical models is as follows:
• The data from the experiments were combined and analyzed to ensure that all the data could be used for the model development. • The data were plotted for two variables in order to determine the general trend of the data points and determine a general equation upon which the fitting can be generated. • Based on the general equation, fitting parameter for all the related experiments was generated, and by analyzing the trendline for each experiment, the values of the fitting parameters were determined. • Using the fitting parameters, a general equation was developed that incorporated the data from all the experiments involved by combining all the fitting parameters for each experiment into one mathematical model.
Model validation used the data included in the model developed and also data not included in the model development in order to assess the applicability of foreign data to the models. All data used were for the same HPAM polymer used to conduct the experiments.
Results and analysis
This section will include the mathematical models' development and their usage to predict polymer injectivity and polymer injection pressure. The limitations of the models will also be mentioned.
Mathematical Model I
Injectivity is defined mathematically as the ratio between polymer injection flowrate and polymer injection pressure, as is shown in Eq. (1).
where I p is the polymer injectivity, Q is the polymer injection flowrate, and ΔP is the difference between the polymer injection pressure and the outlet pressure.
(1) I p = Q ΔP After conducting the experiments, the polymer injection pressure was determined, and hence, the injectivity was calculated. Figure 2 shows the polymer injectivity results at different polymer injection flowrates for different polymer concentrations for the 1/16 and 1/8 inch inner diameters. The results were used in the development of both mathematical models.
For each trend in Fig. 2 , an equation was obtained. It was found that all the equations followed the general form of the power model. A general equation was therefore defined as follows, Eq. (2).
where "a" and "b" are constants that represent the values obtained from each equation for the different parameters. Parameters "a" and "b" are fitting parameters that are used to generalize a variable of different values into one mathematical model. On their own, they have no physical
(2) I p = aQ b . meaning. They are related to the variable from which they were developed. The values of the "a" and "b" parameters for each equation are presented in Table 2 . The R 2 value for each of the equations is also presented; R 2 is a measure of the accuracy of the developed equation, with a maximum value of 1 for the highest accuracy and a minimum value of 0 for the lowest accuracy. The accuracy of the trendlines obtained was found to be extremely high, with all of the values greater than 95%, which is an indication of the accuracy of the experiments conducted.
The general form of the equation, presented in Eq. (2), was a function of both "a" and "b." In order to obtain a mathematical model as a function of polymer concentration, the "a" and "b" parameters were plotted against the polymer concentration, and an equation was obtained to relate "a" and "b" to the polymer concentration. Figure 3 shows the plots for "a" and "b" parameters with polymer concentration, along with the correlations obtained. The blue line represents "a" parameter, while the green line represents "b" parameter.
Using the equations generated in Fig. 3 , and plugging the values in Eq. (2), the following equations were obtained for polymer injectivity. Equation (3) was developed for the 1/16 inch average pore size, while Eq. (4) was developed for the 1/8 inch average pore size.
where I p is the polymer injectivity in ml/min/psi, C p is the polymer concentration, and Q is the polymer injection flowrate.
The most major disadvantage of Model I is that it is not a function of the average pore size of the formation. This limits its applicability greatly. Equation (4) was tested for (3) I p = 0.1918C −1.216 p Q 0.7201C 0.2983 p (4) I p = 0.6332C −1.161 p Q 0.8768C 0.0869 p larger pore sizes and was found to predict injectivity with considerable accuracy; however, the deviation from the true solution was still considered too high. It was therefore important to incorporate the pore size in the mathematical model, to increase the applicability of the developed models. Model I was mentioned in order to provide the general methodology by which the mathematical models were generated, and also since the tube sizes of 1/16 and 1/8 inch are extremely common for laboratory experiments, Model I can still prove valuable for laboratory applications using these two pore sizes.
Mathematical Model II
In order to incorporate a third variable in the mathematical model, a new parameter was defined. The parameter is a ratio between the polymer concentration and polymer injection flowrate. Table 3 shows the values for this parameter.
By defining the new parameter, three variables could be incorporated in one plot. The polymer injectivity and the Cp/Q parameter were plotted together for different pore sizes, shown in Fig. 4 , and the correlations that fit the data points were generated. From the two correlations generated, the "a" and "b" parameters could be obtained. A zoom-in on the majority of the data points is also provided in Fig. 4 in the right-hand plot.
The "a" and "b" parameters were plotted as a function of the average porous media pore size in order to relate both parameters. Figure 5 shows the relation between "a" and "b" and pore size; the blue line represents the "a" parameter, while the green line represents the "b" parameter. The "b" parameter values were plotted as absolute values, and then, the negative sign was added in the final mathematical model.
Using the correlations obtained from Fig. 5 , and the general correlation, shown in Eq. (2), Model II was developed and is shown in Eq. (5). where I p is the polymer injectivity in ml/min/psi, T s is the average porous media pore size in inch, C p is the polymer concentration in wt%, and Q is the polymer injection flowrate in ml/min.
Model II was developed as a function of three different parameters and thus has an extremely high applicability range, compared to Model I. Model II will therefore be used for prediction of injectivity under different conditions.
Model II prediction
Model II was used to predict the polymer injectivity value for different polymer concentrations, different polymer injection flowrates, and different pore sizes. The results for the polymer (5) I p = 19.62T 1.6859 injectivity are presented in Fig. 6 . All the values used were different from those used in the polymer injection experiments in order to investigate the ability of the mathematical mode to predict injectivity using different values. The trend observed follows the same trend found from the experiments and from other researches (Al-Shakry et al. 2018 Yerramilli et al. 2013; Lotfollahi et al. 2016; Seright et al. 2009 ). Increasing the polymer concentration resulted in a decrease in injectivity, while increasing the flowrate increased the injectivity value. The smaller pore size resulted in extremely low injectivity values, thus indicating that the polymer will be very difficult to inject in the 0.001 inch pore size. Since injectivity is a function of both polymer injection flowrate and polymer injection pressure, the polymer injection pressure can be predicted if the injectivity and the injection flowrates are known. Figure 7 presents the predicted polymer injection pressures for different conditions of polymer injection using Model II. After the injectivity was known, the polymer injection flowrate was divided by the injectivity value to obtain the polymer injection pressure. Model II can therefore help in predicting both polymer injectivity and polymer injection pressures, both of which are extremely important parameters during any polymer injection project.
Mathematical model limitations
The developed mathematical models have several limitations that should be mentioned. These include:
• The models were developed for large features in the reservoir and thus may not be applicable for core flooding experiments. They are rather meant for larger features such as unconsolidated formations or fractures. • HPAM is available in a wide range of forms and through many distributors, and also has different degrees of hydrolysis. The model has not been tested for a variety of HPAM types. • The model predicts injectivity as a single value by assuming an average pore size for the formation, which is not necessarily true in many formations since it does not take into consideration tortuosity or change in pore size. • The model has not been tested for different polymers and is thus only applicable for HPAM. • The models were developed based on HPAM mixed with distilled water. Their applicability with HPAM in brine was not assessed. • The models were developed using pores sizes of 1/8 and 1/16 inches only and thus should be applied for these sizes accordingly.
Conclusions
This research develops two mathematical models to predict HPAM injectivity as a function of polymer concentration, polymer injection flowrate, and porous media pore size during laboratory studies. The developed model was found to accurately predict HPAM injectivity with a very low percentage error. The model could also be used to determine the injection pressure requirement for different HPAM designs, and also give an indication of whether the polymer can be injected into the reservoir average pore size based on the pressure requirements. By developing these mathematical models, HPAM injectivity can be predicted based on the polymer design in order to determine whether the polymer will be able to propagate through high-permeability features in the reservoir easily and safely.
